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CATALYST ELEMENT HAVING A THERMAL BARRIER COATING AS THE 

CATALYST SUBSTRATE 

FIELD OF THE INVENTION 
5 This invention relates generally to the field of gas turbines, and more specifically 

to a gas turbine including a catalytic combustor, and in particular to a catalytic reactor 
having improved high temperature operating characteristics. 

BACKGROUND OF THE INVENTION 
ftp In the operation of a conventional gas turbine, intake air from the atmosphere is 

J[ compressed and heated by a compressor and is caused to flow to a combustor, where 
On fuel is mixed with the compressed air and the mixture is ignited and burned. The heat 
fy energy thus released then flows in the combustion gasses to the turbine where it is 

converted into rotary mechanical energy for driving equipment, such as for generating 
45 electrical power or for running an industrial process. The combustion gasses are then 
■J exhausted from the turbine back into the atmosphere. These gases include pollutants 

such as oxides of nitrogen, carbon monoxide and unburned hydrocarbons. Various 
O schemes have been used to minimize the generation of such pollutants during the 
combustion process. The use of a combustion catalyst in the combustion zone is 
20 known to reduce the generation of these pollutants since catalyst-aided combustion 
promotes complete combustion of lean premixed fuels and can occur at temperatures 
well below the temperatures necessary for the production of NOx species. Typical 
catalysts for a hydrocarbon fuel-oxygen reaction include platinum, palladium, rhodium, 
iridium, terbium-cerium-thorium, ruthenium, osmium and oxides of chromium, iron, 
25 cobalt, lanthanum, nickel, magnesium and copper. 

Figure 1 illustrates a prior art gas turbine combustor 10 wherein at least a portion 
of the combustion takes place in a catalytic reactor 12. Such a combustor 10 is known 
to form a part of a combustion turbine apparatus such as may be used to power an 
electrical generator or a manufacturing process. Compressed air 14 from a compressor 
30 (not shown) is mixed with a combustible fuel 16 by a fuel-air mixing device such as fuel 
injectors 18 at a location upstream of the catalytic reactor 12. Catalytic materials 
present on surfaces of the catalytic reactor 12 react the fuel-air mixture at temperatures 



lower than normal ignition temperatures. Known catalyst materials are not active at the 
compressor discharge supply temperature for certain fuels and engine designs, such as 
natural gas lean combustion. Accordingly, a preheat burner 20 is provided to preheat 
the combustion air 14 by combusting a supply of preheat fuel 22 upstream of the main 
fuel injectors 18. Existing catalytic combustor designs react approximately 10-15% of 
the fuel on the catalyst surface, with the remaining combustion occurring downstream in 
the burnout region 24. Increasing the percentage of the combustion on the catalyst 
surface will decrease the amount of combustion occurring in the flame, thus decreasing 
the overall emission of oxides of nitrogen. However, increasing the amount of 
combustion on the catalyst surface will also increase the temperature of both the 
catalyst and the catalyst substrate. One of the limitations to increasing the amount of 
combustion in the catalytic reactor 12 is the operating temperature limit of the underlying 
metal substrate material. 

The operating environment of a gas turbine is very hostile to catalytic reactor 
materials, and is becoming even more hostile as the demand for increased efficiency 
continues to drive firing temperatures upward. Ceramic substrates used for catalytic 
reactor beds are prone to failure due to thermal and mechanical shock damage. 
Furthermore, ceramic substrates are difficult to fabricate into complex shapes that may 
be desired for catalyst elements. Metal substrates have been used with some success 
with current generation precious metal catalysts at temperatures up to about 800 °C. 
Such catalytic reactors are produced by applying a ceramic wash-coat and catalyst 
directly to the surface of a high temperature metal alloy. In one embodiment, the 
catalytic reactor 12 of Figure 1 is formed as a plurality of metal tubes. The outside 
surfaces of the tubes are coated with a ceramic wash-coat and a platinum catalyst. The 
fuel-air mixture is combusted at the catalyst surface, thereby heating the metal 
substrate. The substrate is cooled by passing an uncombusted fuel-air mixture through 
the inside of the tube. Other geometries of back-cooled metal substrate catalyst 
modules may be envisioned, such as the catalytic combustor described in United States 
patent 4,870,824 dated October 3, 1 989. 

United States patent 5,047,381 dated September 10, 1991, describes a 
laminated substrate for a catalytic combustor reactor bed including a metal alloy 
substrate coated with a noble metal, such as platinum, upon which a ceramic wash-coat 



such as alumina is applied. A catalyst is applied with the wash-coat or individually over 
the wash-coat. The noble metal coating prevents oxygen from contacting the metal 
substrate, thereby minimizing its degradation by oxidation reactions. The underlying 
noble metal also acts as a catalyst in the event that a portion of the ceramic wash-coat 
erodes or is otherwise removed from the substrate. While the reduced rate of oxidation 
will extend the life of the reactor bed in a combustor at any given temperature, such a 
design does not offer any significant thermal protection for the substrate. 
Work is underway to develop catalysts operable at higher combustion temperatures. As 
the allowable working temperature of the catalyst increases, the task of cooling the 
metal substrate supporting the catalyst will become increasingly difficult. 

SUMMARY OF THE INVENTION 

Accordingly, there is a need for an improved catalytic element for use in a gas 
turbine combustor that is capable of operating at temperatures higher than the limits 
existing for current designs. 

A catalyst element is described herein as including: a substrate; a thermal barrier 
coating disposed over the substrate; and a combustion catalyst disposed over the 
thermal barrier coating. A ceramic wash-coat may be disposed between the thermal 
barrier coating and the catalyst. In order to obtain a desired specific surface area, the 
thermal barrier coating may have a columnar grained microstructure including a plurality 
of primary columns each supporting a plurality of secondary and tertiary branches. 

A method of forming a catalyst element is described herein as including: 
providing a substrate; depositing a ceramic thermal barrier coating material over the 
substrate; and depositing a combustion catalyst material over the ceramic thermal 
barrier coating material. The ceramic thermal barrier coating may be deposited by an 
electron beam physical vapor deposition process to form a columnar grained 
microstructure. A ceramic wash-coat may be deposited over ceramic thermal barrier 
coating material prior to the step of depositing a combustion catalyst material. In order 
to obtain a desired specific surface area of at least 18 m 2 /g for receiving the catalyst, the 
ceramic thermal barrier coating material may be deposited to have a columnar grained 
structure having a plurality of primary columns each supporting a plurality of secondary 
and tertiary branches. 



BRIEF DESCRIPTION OF THE DRAWINGS 

The invention described herein may best be understood by referring to the 
following drawings in which: 

FIG. 1 is a partial side-sectional view of a catalytic combustor for a gas turbine. 

FIG. 2 is a partial cross-sectional view of a tube portion of a catalytic reactor as 
may be used in the combustor of FIG. 1 . 

FIG. 3 is a graph of catalyst and metal temperatures verses thickness of thermal 
barrier coating for the device of FIG. 2 at a lower temperature. 

FIG. 4 is a graph of catalyst and metal temperatures verses thickness of thermal 
barrier coating for the device of FIG. 2 at a higher temperature. 

FIG. 5 is an illustration of a columnar-grained thermal barrier coating material 
having primary columns as well as secondary and tertiary branches from primary 
columns. 

DETAILED DESCRIPTION OF THE INVENTION 

The application of a catalytic material to a ceramic thermal barrier coating on a 
metal substrate is illustrated in Figure 2 and described below. Figure 2 is a partial 
cross-sectional view of a catalyst element 30 including a metal alloy substrate formed as 
a thin-walled tube 32. While the tube construction is described herein, one skilled in the 
art may appreciate that other configurations may be most appropriate for certain 
applications. Such other configurations may include a flat plate, a foil, or a corrugated 
structure, for example. The material of construction of the substrate is preferably a high 
temperature alloy, and may be, for example, steel or a nickel or cobalt based superalloy 
material. The substrate may be formed to have any desired thickness and shape, for 
example a thin sheet, and in one embodiment is a 3/16-inch diameter, 0.010-inch thick 
tube. 

A layer of a ceramic thermal barrier coating material 34 is applied over the 
substrate on the outside surface of the tube 32, and a catalytic material 36 is exposed at 
the surface of the thermal barrier coating 34. A substrate for a catalyst should exhibit a 
large surface area for maximizing the contact between the catalyst and the fuel-air 
mixture passing over the substrate surface. Typical ceramic wash-coats used as 
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catalyst substrates possess a specific surface area (SSA) of approximately 18-30 m 2 /g. 
In order to maximize its exposed surface area, thermal barrier coating material 34 may 
be deposited onto the metal tube 32 by electron beam physical vapor deposition (EB- 
PVD) in order to produce a columnar-grained microstructure having a plurality of closely 
5 spaced columns of material, as illustrated in Figure 2. The deposition process 
parameters may be controlled to optimize the resulting surface area. The columnar 
grained structure is known in the art to provide a significant amount of open porosity on 
the exposed surface of the thermal barrier coating. An idealized EB-TBC columnar- 
grained thermal barrier coating structure may have an SSA of between 50-150 m 2 /g, 
.JO assuming that the structure has columns of approximately 10 microns diameter and 10 
*2 microns height covered with much smaller cones of material of approximately 1 micron 
CP diameter and 1 micron height. Although the actual SSA of an TBC coating deposited by 
'ru EB-PVD has not been empirically measured by the present inventors, it is assumed that 
KJ the actual usable specific surface area of an EB-TBC coating would be at least 
3 15 approximately the same magnitude as that of a ceramic wash coat substrate because 

the idealized surface area is so large. The deposition process can be controlled so that 
W the SSA of the surface is at least 18 m 2 /g, or in the range of 18-30 m 2 /g. 
q The thermal barrier coating 34 may be any of the conventional ceramic 

^ compositions used for insulating a metal substrate from a high temperature 
20 environment, for example the widely used yttrium-stabilized zirconia (YSZ). The thermal 
barrier coating 34 may be deposited onto the tube 32 to any desired thickness, in one 
embodiment to a thickness of about 0.020-inches. A bond coat 38 may be used 
between the substrate 32 and the thermal barrier coating 34. Common bond coat 
materials 38 include MCrAlY, where M denotes nickel, cobalt, iron or mixtures thereof, 
25 as well as platinum aluminide and platinum enriched MCrAlY. Techniques for applying 
ceramic thermal barrier coatings over high temperature metal alloys for use in the 
environment of a gas turbine combustor are well known in the art, so the catalytic 
element 30 of Figure 2 is expected to exhibit long life in this application without early 
mechanical failure. While EB-PVD coating processes are generally considered to be 
30 expensive, it is possible to coat a large number of tubes or other substrate forms 

simultaneously, thereby reducing the per-unit cost of the process. Furthermore, less 
expensive plasma or thermal spray coating processes, chemical vapor deposition 



processes, EB-DVD or ESAVD processes may be developed for producing a similar 
columnar-grained structure or alternative high-SSA surface. 

Efforts are underway within the field of the invention to develop catalyst materials 
that may be operated at increasingly higher temperatures. For example, Ba-AI-0 
systems, Ga-Fe-O systems and La-AI-O systems may have the potential for operation 
at temperatures well in excess of precious metal catalysts. A material may function as 
both a thermal barrier coating material and as a combustion catalyst. Thus a TBC 
protecting a metal substrate may support combustion at its exposed surface. Such 
materials include: 

pyrochlores with the formula A 2 B 2 0 7 or AB 2 0 6 where A is selected from the rare 
earth elements and B is selected from the group of zirconium, hafnium, titanium, 
niobium and tantalum (for example, La 2 Hf 2 0 7 and Sm 2 Zr 2 0 7 ); 

perovskites with the formula ABO3 where A is selected from the group of rare 
earth elements, alkaline earth elements and manganese, and B is selected from the 
group of aluminum, chrome, tungsten, zirconium, hafnium, titanium, niobium, tantalum, 
iron, manganese, cobalt, nickel and chrome; 

garnets with the formula A 3 A1 5 0 12 where A is selected from the group of rare 
earth elements; 

the hexaluminates LaAlnds, BaMnAln0 18 , BaAI 12 0 19 , and BaMAIn0 19 where M 
is selected from the group of chrome, manganese, iron, cobalt and nickel; and 

spinels with the formula AB 2 0 4 where A is selected from the group of alkaline 
earth elements and B is selected from the group of aluminum, iron, manganese, cobalt, 
chrome and nickel. 

It is known to apply a sintering resistant material within the sub-micron sized 
gaps between adjacent columns of a columnar-grained structure, as described in United 
States patent 6,203,927 B1 issued on March 20, 2001. A high temperature catalyst 
material may similarly be applied within such gaps. The catalyst may be deposited 
using any known process, such as a sol gel, plasma spray or CVD process. If additional 
surface area is desired for depositing the catalyst material 36, a ceramic wash coat 40 
may be applied to the thermal barrier coating layer 34 before applying the catalytic 
material 36. 



Heat transfer analyses were performed to determine the potential benefit of the 
tube catalyst structure illustrated in Figure 2. The structure modeled was a 0.010 inch 
(0.254 mm) thick tube 32 having a k meta i = 23 W/mK. The thickness of thermal barrier 
coating was varied from zero to one millimeter, and has a value of k T Bc = 1 .1 W/mK at a 
thickness of 0.5 mm (0.01 97 inch) thick. Analyses were performed for both a relatively 
lower temperature (790 °C.) and a relatively higher temperature (1 ,300 °C.) combustion 
gas temperatures. The heat transfer coefficient of the coolant passing through the tube 
32 was assumed to be 1 ,228 W/m 2 K, while the heat transfer coefficient of the 
combustion gas was assumed to be 629 W/m 2 K for the lower temperature case and 
2,000 W/m 2 K for the higher temperature case. Figures 3 and 4 illustrate the benefit 
derived from the use of the thermal barrier coating 34, with Figure 3 being the lower 
temperature case and Figure 4 being the higher temperature case. The temperature of 
the catalyst T c and the temperature of the metal T M are both illustrated. As can be seen 
from the figures, as the thickness of the thermal barrier coating 34 increases, the 
catalyst temperature increases and the metal temperature decreases. An increased 
catalyst temperature should increase the activity of the catalyst, and a decrease in the 
metal temperature should improve the life of the metal. A higher catalyst temperature 
with a lower metal temperature will allow designers to increase the amount of 
combustion occurring within a catalytic reactor and to decrease the amount of 
combustion occurring in a downstream flame, thereby reducing the overall emissions of 
a combustor. The presence of the thermal barrier coating 34 may also protect the metal 
tube 32 from transient conditions that dramatically increase the combustion temperature 
for short periods of time. 

For the lower temperature case of Figure 3, the metal tube is not being driven to 
its maximum capability due to the large temperature gradient across the thickness of the 
thermal barrier coating 34, so the benefit of the thermal barrier coating 34 is somewhat 
limited. Nonetheless, for a thermal barrier coating having a thickness of 0.5 mm, the 
catalyst temperature is increased by 37 °C. and the metal temperature is decreased by 
19 °C, as indicated by the dashed lines on the figure. 

For the higher temperature case of Figure 4, this same thickness of thermal 
barrier coating 34 results in an increase in catalyst temperature of 83 °C. and a 
decrease in metal temperature of 137 °C. This lower metal temperature would be 
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expected to dramatically increase the life of the metal substrate 32. This higher catalyst 
temperature may allow for the use of higher temperature catalytic materials such as 
high temperature hexaaluminate-based catalytic ceramics. Furthermore, the same 
TBC-coated tube design could be used as both a low temperature (600-900 °C.) and a 
medium temperature (900-1,300 °C.) catalytic substrate. 

In order to improve the effectiveness of the catalyst, one may purposefully control 
the thermal barrier coating deposition process so that the specific surface area is 
maximized or at least so that a desired SSA is achieved. Figure 5 illustrates three 
different conditions of column growth that may be achieved when depositing a thermal 
barrier coating by a PVD process. Column 42 illustrates a single primary column of 
TBC material as may be formed by epitaxial growth of a single crystal. Column 44 is a 
primary column that supports a plurality of secondary branches 46. Column 48 is a 
primary column supporting secondary branches 50 which in turn each support a plurality 
of tertiary branches 52. One may appreciate that such individual columns 42, 44, 48 
would not be expected to grow apart from other such columns, nor would these three 
types of columns necessarily be expected to be grown side by side during the same 
deposition process, however, they are shown together here for purposes of illustration 
and comparison. Column 48 is the least-epitaxial of these three columns and it 
represents the most random growth pattern of the three columns. With other variables 
being equal, one would expect that the specific surface area of column 42 to be the 
lowest of the three and that of column 48 to be the highest of the three. An EB-PVD 
process used to deposit a TBC material may be driven toward the more random 
structure of column 48 with secondary and tertiary branching by controlling the 
deposition parameters. An increased feed rate, a lower temperature, a slower substrate 
rotation rate, and/or a higher chamber pressure will drive the deposition process toward 
more random conditions and will support the development of secondary 46 and tertiary 
52 crystalline branches. 

While the preferred embodiments of the present invention have been shown and 
described herein, it will be obvious that such embodiments are provided by way of 
example only. Numerous variations, changes and substitutions will occur to those of 
skill in the art without departing from the invention herein. Accordingly, it is intended 
that the invention be limited only by the spirit and scope of the appended claims. 



